In this study, a novel and quick method for selective adsorption of dibenzothiophene (DBT) from gasoline using magnetic molecularly imprinted polymers (MMIPs) as the adsorbent has been employed. The MMIPs were prepared by a surface molecular imprinting technique, using Fe 3 O 4 magnetite nanoparticles as a magnetically susceptible component, DBT as template molecule, 4-vinylpyridine (4-VP) as functional monomer and ethylene glycol dimethacrylate (EGDMA) as cross-linker. The synthetic MMIPs were characterized by Fourier transform infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM) and vibrating sample magnetometer (VSM). The adsorption performances of MMIPs were investigated by batch adsorption experiments in terms of adsorption kinetics, isotherms and selective recognition. The results of the study indicated that MMIPs were able to adsorb DBT well, the adsorption equilibrium time was about 5 h and the equilibrium adsorption amount was 22.23 mg/g at 318 K. In the corresponding selectivity test, MMIPs exhibited a greater adsorption capacity towards DBT than the other three analogues.
INTRODUCTION
Because of the increase in stringent environmental regulations on SO 2 emissions, deep desulphurization from fuel oils has now become an urgent task (Dai et al. 2008) . Dibenzothiophene (DBT) and its derivatives are the major organosulphur compounds in fuel oils, accounting for >70%. Because of the steric hindrance of these compounds (Babich and Moulijn 2003; García-Gutiérrez et al. 2006) , it is highly difficult to remove them completely by commercial hydrodesulphurization (HDS) process. In addition, HDS requires high temperatures (T > 623 K), high pressures (3-10 MPa) and high hydrogen consumption (20-100 atm), resulting in high capital and operating costs (Etemadi and Yen 2007; Torres-Nieto et al. 2007; Gong et al. 2009; González-García and Cedeño-Caero 2009) . Therefore, it is necessary to develop alternative non-HDS methods under moderate conditions to achieve deep desulphurization, such as oxidative desulphurization (Zhao et al. 2006) , biode sulphurization (Gomez et al. 2006) and desulphurization by extraction of ionic liquids (Huang et al. 2004 ). Among the various methods that exist, adsorption desulphurization (Tang et al. 2007) has been considered to be one of the promising alternatives to achieve deep desulphurization from fuel oils. The choice of adsorbents is one of the important factors for adsorption desulphurization. So far, the efficiency of various adsorbents such as modified composite oxide (Murali et al. 2003) , activated carbon ), clay and zeolite has been studied. But recently, molecularly imprinted polymer (MIP) has attracted much attention, owing to its outstanding advantages, such as pre-determined recognition ability, stability, comparatively easy and low cost of preparation, and potential application to a wide range of target molecules (Owens et al.1999; He et al. 2007) .
Molecular imprinting is a technique which creates man-made receptors with binding sites that are chemically and sterically complementary to the pre-determined target molecules (Cormack and Mosbach 1999) . However, the traditional molecular imprinting technique has some limitations such as incomplete template removal, small binding capacity, poor site accessibility, low-response kinetic and irregular materials shape (Gao et al. 2007) . In order to overcome these drawbacks effectively, the surface molecular imprinting technique -a process in which the imprinted polymer materials are synthesized onto the surface of suitable substrates, and these materials exhibit controllable size, regular shape, better mechanism intensity, and good reuse performance -is employed. (Bossi et al. 2001; Li et al. 2006; Lu et al. 2007; Liu et al. 2008) .
Magnetic separation technology has been used in various fields to replace the conventional filtration and centrifuge steps, and it provides a relatively rapid and convenient way to separate the target from the mixture. However, the magnetic separation technology coupled with the surface molecular-imprinted technique has seldom been reported at present Zhang et al. 2009; Chen et al. 2010; Li et al. 2010; Hu et al. 2011 ). If the magnetic nanoparticles (MNPs) are encapsulated into MIPs, the resulting composite polymer, i.e. magnetic molecularly imprinted polymers (MMIPs), will not only selectively adsorb the target analytes in the complex matrix, but can also be quickly collected by an external magnetic field (Cormack and Mosbach 1999; Owens et al. 1999; Bossi et al. 2001; Gao et al. 2007; Lu et al. 2007; Li et al. 2008; Liu et al. 2008; Zhang et al. 2009 ). Therefore, the prepared MMIPs having strong magnetic responsiveness and selective character could be promising multi-functional candidates for the adsorption and separation process.
In this work, our approach was to use (MMIPs) as the adsorbents for selectively removing DBT from a simulated oil solution (a specified amount of DBT was dissolved in n-octane solution). The MMIPs were synthesized by surface imprinting technique. The synthetic protocol used Fe 3 O 4 magnetite as the magnetically susceptible component, 4-vinylpyridine (4-VP) as the functional monomer, ethylene glycol dimethacrylate (EGDMA) as the cross-linking agent, polyvinylpyrrolidone (PVP) as the dispersant and 2, 2′-azodiisobutyronitrile (AIBN) as the initiator. The properties of MMIPs were characterized by Fourier transform infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM) and vibrating sample magnetometer (VSM). In the adsorption experiment, the MMIPs adsorbing target analytes could easily be separated from the suspension by an external magnetic field and then the supernatant can be analyzed by gas chromatography (GC) methods.
EXPERIMENTAL ANALYSIS

Chemicals
DBT (98%), benzothiophene (BT, 99%), 4-methyldibenzothiophene (4-MDBT, 96%), 4,6dimethyldibenzothiophene (4,6-DMDBT, 97%), 4-VP (98%), EGDMA (98%) were all purchased from the Sigma Chemical Company (St. Louis, MI, U.S.A.). The chemical structures of DBT, BT, 4-MDBT and 4,6-DMDBT are shown in Figure 1 . All the reagents employed, including toluene, glacial acetic acid, methanol (MeOH), ethanol, n-octane and AIBN, FeCl 2 ·4H 2 O, FeCl 3 ·6H 2 O, ammonium hydroxide (25%), oleic acid, PVP, were supplied by the Sinopharm Chemical Reagent Co. Ltd. (Shanghai, P.R. China). All the chemicals were used as received without further purification.
Apparatus
Gas chromatography (GC) was performed with an Agilent 7890A (Varian Instruments, Palo Alto, CA, U.S.A.) system that contains a flame ionization detector and an SE-54 capillary column (inner diameter: 15 m × 0.32 mm; film thickness: 1.0 µm). Infrared spectrums of the nanoparticles were recorded in the range of 4000-400 cm −1 using a Nicolet Nexus 470 FT-IR spectrometer (Thermo Fisher Scientific, U.S.A.) with KBr pellet technique. The surface morphology of samples was observed using S-4800 field emission SEM (Hitachi, Japan) at 15.0 kV. Magnetic measurements were carried out using a VSM (HH-15, Nanjing University) at room temperature.
Preparation of Fe 3 O 4 MNPs
The Fe 3 O 4 MNPs were prepared by co-precipitation (Wang et al. 2009 ) as follows: FeCl 2 ·4H 2 O (1.72 g) and FeCl 3 ·6H 2 O (4.72 g) were dissolved in 80 ml of deaerated highly purified water in a three-necked reactor (250 m ). The mixture was stirred vigorously and purged with nitrogen gas while the temperature was increased to 80 °C. About 10 m of ammonium hydroxide was added drop by drop, and the reaction was maintained for 30 min. When the temperature dropped down to the room temperature (about 20 °C), the black product obtained was separated by placing the vessel on a permanent magnet and the supernatant was decanted. The black precipitate was washed with deionized water several times until it was neutralized. The black product (Fe 3 O 4 ) is then dried in the vacuum oven at 45 °C for 24 h.
Preparation of MMIPs
The MMIPs were prepared as follows Xu et al. 2011): (i) DBT (2.0 mmo ) and 4-VP (8.0 mmo ) were dissolved in 10 m toluene. This mixture was stirred for 1 h to obtain the pre-assembly solution. (ii) The Fe 3 O 4 magnetite (1.0 g) previously prepared was mixed with 1 m oleic acid and stirred for 10 min. Then, 20 mmo EGDMA and the pre-assembly solution prepared by Step (i) were added into the mixture of Fe 3 O 4 and oleic acid. This mixture was treated ultrasonically for 30 min to obtain the pre-polymerization solution. (iii) The dispersant, PVP (0.4 g), was dissolved in 80 m toluene in a three-necked round-bottomed flask. The mixture was stirred at 300 rpm and purged with nitrogen gas to displace oxygen while the temperature was increased to 60 °C. (iv) The pre-polymerization solution prepared by Step (ii) was added into the three-necked round-bottomed flask, and then 0.1 g AIBN was also added into it. The reaction was allowed to proceed at 60 °C for 24 h. (v) After the polymerization, the polymers were separated by the external magnetic field and washed with ethanol to remove all impurities. (vi) Elimination of DBT from MMIP was performed by Soxhlet extraction with a solution mixture containing MeOH and glacial acetic acid (90:10, v/v) at 80 °C for a week, until the template molecule could not be detected by GC. MMIP is finally dried in vacuum oven at 50 °C for 24 h. A schematic representation of the process employed for the preparation of MMIP is given in Figure 2 . The magnetic non-imprinted polymers (MNIPs) were prepared and processed in a method similar to the one mentioned earlier, except that the template molecule DBT was not added. 334 W. Huang et al./Adsorption Science & Technology Vol. 30 No. 4 2012 
Adsorption Experiments
In order to investigate the adsorption capacity and selectivity of the MMIP, absorption experiments were performed as follows: 10 mg of DBT was dissolved in n-octane solution and this is considered to be the model oil because its sulphur content varied from 50 to 900 mg −1 .
Simultaneously, two ligands of equal molarity (2.71 mmo −1 DBT and BT, 2.71 mmo −1 DBT and 4-MDBT, 2.71 mmo −1 DBT and 4, 6-DMDBT) were mixed together in n-octane solution for validating selectivity adsorption test. About 4 m of the model oil (in pre-specified concentration) was added into a series of screw-capped vials containing 10 mg MMIP or MNIP. The contents of the screw-capped vials were subjected to steady oscillation for adsorption in a reciprocating shaking table at a constant temperature for 5 h. After adsorption, the MMIPs adsorbing target analytes were separated by an external magnetic field and the supernatant was measured by GC using the following parameters: detector temperature = 573 K; injection port temperature = 523 K; oven temperature = 373 K. Meanwhile, tetradecane was used throughout the experiment as an internal standard. The adsorption capacity was calculated by equation (1):
where C 0 is the initial DBT concentration (mg −1 ), C e is the DBT concentration in supernatant at adsorption equilibrium (mg −1 ), V is the volume of the model oil (l) and m is the weight of the MMIP or MNIP (g).
RESULTS AND DISCUSSION
Characterization of Imprinted MNPs
FT-IR spectra were obtained for Fe 3 O 4 , MMIPs and MNIPs, respectively, as shown in Figure 3 . The characteristic broad absorption bands, which represent the absorption peak of Fe-O group stretching vibration, at 584 cm −1 appear in all the IR spectra. In IR spectra of the MMIPs and Figure 4 (a) with 4(b) revealed that MMIPs had a slightly rough surface with many cavities, but MNIPs, which are randomly aggregated, had less smaller pores. This difference is caused by the absence and presence of DBT during polymerization. 336 W. Huang et al./Adsorption Science & Technology Vol. 30 No. 4 The magnetic hysteresis loops analysis was used to study the magnetic property of MMIPs. Curves (a) and (b) in Figure 5 show the magnetic hysteresis loops of Fe 3 O 4 and MMIPs, respectively. It was apparent that the general shape of these two curves were similar, i.e. being symmetrical about the origin, which indicated that the samples are superparamagnetic ). This feature illustrated that the materials can be rapidly attracted to or released by an external magnetic field. It was obvious that the saturation magnetization (Ms) values obtained at room temperature were 66.80 and 5.72 emu g −1 for Fe 3 O 4 and MMNPs, respectively. The saturation magnetization of MMIPs was reduced to 5.72 emu g −1 in comparison with the bulk Fe 3 O 4 , but this magnetic response was enough to meet the need of magnetic separation, as can be seen in Figure 6 . Figure 6 shows the whole magnetic separation process of the MMIPs. Initially, a pre-specified concentration of the model oil was added into a screw-capped vial which contained the MMIPs. By reciprocated oscillation, the MMIPs were fully dispersed for absorption. When an external magnetic field was applied the MMIPs were attracted to the wall of the vial in a short span of time (about 30 s) and the dispersion became clear and transparent. The superparamagnetism of DBTimprinted MNPs prevents MIPs from aggregating and enables them to scatter again rapidly after the magnetic field is removed [ Figure 6(b) ].
Adsorption Properties of Imprinted MNPs
Adsorption kinetics
The adsorption kinetics were one of the most important characteristics in illustrating the efficiency of adsorption, and estimating the adsorption saturated time during the whole adsorption process. The adsorption kinetics processes of DBT on MMIPs were studied in an initial DBT concentration of 500 mg −1 over a temperature range of 298-318 K, and the results of this study are shown in Figure 7 . It could be seen that the adsorption capacity Q of DBT increased with time and temperature; the equilibrium was achieved after 5 h. In the first hour, the adsorption capacity increased rapidly, and then increased slowly until the adsorption rate tended to zero. As a result, 5 h was chosen as the best adsorption time in the following experiments.
In order to evaluate the adsorption kinetics of DBT onto MMIPs, the pseudo-first-order [equation (2)] and pseudo-second-order [equation (3)] kinetic models were used to fit the experimental data. (Demirbas et al. 2009) log(q e − q t ) = log(q e ) − k 1 (t)/2.303
(2) t/q t = 1/(k 2 q e 2 ) + t/q e (3)
where q e (mg g −1 ) is DBT adsorption amount at adsorption equilibrium, q t (mg g −1 ) is the adsorption amount of DBT at time t (min), k 1 (min −1 ) and k 2 (g mg −1 min −1 ) are the pseudo-firstorder and pseudo-second-order adsorption rate constants, respectively. The value of k 1 was calculated from the plots of log(q e − q t ) versus t by pseudo-first-order, and k 2 is obtained by plotting (t/q t ) versus t using the pseudo-second-order kinetic model. The adsorption kinetic constants and linear regression values are summarized in Table 1 . It was evident that the calculated equilibrium adsorption capacity (q t , calc.) agreed better with the experimental value (q e , exp.) for pseudo-second-order kinetic model, and the R 2 values of pseudosecond-order kinetic model were higher than those of the pseudo-first-order kinetic model, which indicates that the pseudo-second-order kinetic model provided a good correlation for the adsorption of DBT onto MMIPs compared with the pseudo-first-order kinetic model. The results indicated that DBT molecules held onto the binding sites of MMIPs by forming chemisorptive bonds, and it is assumed that the adsorption process of DBT onto MMIPs was a chemical process (Pan et al. 2010 .
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Adsorption isotherms
The adsorption isotherm of DBT on MMIPs was investigated at different temperatures (298, 308 and 318 K) for 5 h, using initial DBT concentrations in the range 50-900 mg −1 , as shown in Figure 8 . When the concentration was increased from 50 to 900 mg −1 , the adsorption amounts (q e ) of MMIPs elevated from 2.52 to 36.76 mg g −1 at 318 K. Therefore, it can be concluded that the adsorption amount of the MMIPs increased with increasing initial concentration of DBT. In addition, the adsorption performance was better at higher temperature. The adsorption data can be analyzed by the Langmuir equation [equation (4) where q e (mg g −1 ) and C e (mg −1 ) are the DBT adsorption amount and concentration at adsorption equilibrium, Q m (mg g −1 ) is the theoretical maximum adsorption capacity at monolayer, K d (mg −1 ) is the Langmuir equilibrium constant (related to the affinity of adsorption sites), K F and n are Freundlich constants, which are indicators of adsorption capacity and intensity, respectively. K F and n can be calculated by constructing a linear plot of log q e versus log C e . The isotherm parameters were obtained by fitting both the Langmuir and Freundlich isotherm models to the experimental data and this is presented in Table 2 . It could be seen that the Freundlich isotherm model gave a better fit than those by the Langmuir model, for a correlation coefficient value (R 2 ) above 0.99, which means that the adsorption of DBT onto MMIPs occurs by a multi-layered process. The standard free energy change, ∆G 0 , the standard enthalpy change, ∆H 0 , and the standard entropy change, ∆S 0 , calculated using equations (6) 
∆S 0 = (∆H 0 − ∆G 0 )/ T
where K c is an equilibrium constant [= C p ′/C s (m g −1 )], C p ′ (mg g −1 ) corresponds to the amount of DBT adsorbed by MMIP at adsorption equilibrium and C s (mg m −1 ) is the equilibrium concentration of DBT in the solution. The magnitude of ∆H 0 can be determined from the slope and intercept of the plot of lnK c versus 1000/T. The corresponding thermodynamic parameters are listed in Table 3 . The occurrence of spontaneous adsorption was confirmed by the negative values of ∆G 0 and the positive values of ∆S 0 . Furthermore, the positive values of ∆H 0 indicated that the adsorption was endothermic. 
Adsorption selectivity
The selectivity of the MMIPs and MNIPs was investigated by measuring adsorption amounts of DBT and its structural analogues (the chemical structure of these compounds is illustrated in Figure 1 ) with a mixture of two ligands having equal molarity (2.71 mmo −1 level). The results of this study are shown in Figure 9 . Because of the imprinting effect, the adsorption amount of the MMIPs for DBT was much higher than the MNIPs. Owing to the absence of the template DBT, MNIPs did not possess specific imprinted sites and imprinting cavities, thereby resulting in their low adsorption capacities. From Figure 9 , it could be seen that MMIPs showed considerable high selectivity to DBT than the other ligands in the mixture. This high selectivity was mainly due to the molecular size recognition between the polymeric matrix and the template. However, there was no obvious difference for the MNIPs to adsorb the four analogues. This showed that, in the case of MNIPs, the adsorption likely depended on the mechanism of non-specific interaction. In addition, there was no obvious difference among the adsorption capacity of the MMIPs for 4-MDBT and 4,6-DMDBT, which likely depended on the same mechanism of non-specific absorption. On the other hand, BT showed a greater adsorption capacity by MMIPs than the other two analogues studied, because it has a smaller molecular diameter than DBT, thereby showing relatively smaller steric hindrance, leading to non-specific adsorption which was higher than that of 4-MDBT or 4,6-DMDBT but still lower than that of DBT. 
CONCLUSIONS
In this work, a novel and simple method for the selective recognition of DBT was developed based on molecularly imprinting technique and magnetic separation. Because of the presence of encapsulated Fe 3 O 4 nanoparticles, the MMIPs were easily collected by an external magnetic field without any additional centrifugation or filtration. The obtained MMIPs were characterized by FT-IR, SEM images and magnetization curve. For DBT adsorbed onto MMIPs, the pseudo-second-order kinetic model provided the best description of the adsorption process, suggesting the chemical nature of adsorption. The adsorption isotherm study showed that Freundlich adsorption model yielded a better fit than the Langmuir model, which means that the adsorption of DBT onto MMIPs was a multi-layer adsorption process. The calculated results of thermodynamic parameters indicated that the adsorption process was endothermic in nature. Furthermore, MMIPs exhibited a high adsorption capacity and selectivity to the template DBT as compared with MNIPs. Consequently, it was reliable, effective and convenient to use MMIPs as absorbents to remove template molecules. This technique could be a promising tool for the deep desulphurization of fuel oils in the future.
